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[1] On 12 September 1999, a conjunction between two
SuperDARN radars and the Ørsted satellite gave, for the
first time, simultaneous access to the ionospheric
convection enhancement and the field-aligned currents
(FACs) associated with a Flux Transfer Event. The radars
observed an azimuthally elongated convection flow burst
and the Ørsted satellite observed a series of successive
small-scale parallel currents alternating between downward
and upward. The most poleward pair of currents, whose
directions were in agreement with the Southwood model,
was observed when Ørsted crossed the front edge of the
flow burst. A quantitative comparison of the current density
of each FAC and of the Pedersen current density indicates
that the closure current for this FACs pair occurred inside
the flow burst, confirming the validity of the Southwood
model. The Poynting flux carried by the parallel currents
was less than 1% of the power carried by the solar
wind plasma. INDEX TERMS: 2409 Ionosphere: Current
systems (2708); 2431 Ionosphere: Ionosphere/magnetosphere
interactions (2736); 2463 Ionosphere: Plasma convection; 2784
Magnetospheric Physics: Solar wind/magnetosphere interactions.
Citation: Marchaudon, A., J.-C. Cerisier, R. A. Greenwald, and
G. J. Sofko (2004), Electrodynamics of a flux transfer event:
Experimental test of the Southwood model, Geophys. Res. Lett.,
31, L09809, doi:10.1029/2004GL019922.
1. Introduction
[2] Magnetopause reconnection is the main source of
magnetospheric convection. Initially considered as a
steady process by Dungey [1961], Haerendel et al.
[1978] and Russell and Elphic [1978] discovered inde-
pendently the intermittent and spatially limited nature of
reconnection. Under the name of Flux Transfer Events
(FTEs), Russell and Elphic [1978] first recognised the
bipolar signature in the magnetic field component normal
to the magnetopause as the main observational characteris-
tic of bursts of magnetic reconnection. Later studies
allowed refined descriptions of FTEs, namely the plasma
signature inside the reconnected flux tube, consisting of
a mixture of magnetosheath and magnetospheric plasma
[e.g., Farrugia et al., 1988], the accelerated ion flows
[e.g., Paschmann et al., 1982] and their larger occurrence
rate during periods of southward interplanetary magnetic
field (IMF) [e.g., Berchem and Russell, 1984; Lockwood
and Smith, 1992].
[3] Several models [Lee, 1986; Southwood, 1987] of
the electrodynamics of FTEs have been proposed which
describe the distribution of parallel currents inside the
reconnected flux tube and closure Pedersen currents in the
ionosphere. In the Lee [1986] model, a downward current
flows all around the tube with an upward return current at
the centre. In the Southwood [1987] model, parallel currents
of opposite signs flow on the flanks of the flux tube, closed
by a Pedersen current across the tube and perpendicular to
the convection velocity.
[4] The reconnected flux tubes map along magnetic field
lines into the ionosphere where radar and optical signatures
can be observed. Using the STARE VHF coherent radar,
Goertz et al. [1985] were the first to observe sporadic and
spatially limited flow bursts which they related to magnetic
merging at the magnetopause, as indicated by the simulta-
neous satellite observations. Several studies with the PACE
HF radar followed. Pinnock et al. [1991, 1993] presented
cases of enhanced convection channels superimposed on the
continuous cusp echoes, with a larger extent in longitude
than in latitude. Inside flow channels, the velocity was
larger than in the ambient plasma and was directed mainly
northward, as expected by the Southwood [1987] model for
FTEs. During this period, optical observations were also
made based on all-sky cameras and photometers showing
bursts of precipitation generated in the auroral oval. These
were also azimuthally elongated and moved poleward
[Sandholt et al., 1986, 1990].
[5] Experimentally, few studies of the electrodynamics of
FTEs have been performed. Basinska et al. [1989] and
Escoubet et al. [1992] used the Southwood [1987] model to
interpret magnetic and electric fields data from low-altitude
satellites in terms of FTEs. Several recent studies [Milan et
al., 2000; McWilliams et al., 2001; Lockwood et al., 2001]
have associated convection flow bursts seen by HF radars
with azimuthally elongated bands of auroral precipitation
that were seen by satellite UV cameras and were interpreted
as signatures of upward FACs located on one side of the
flow burst.
[6] In this paper, we present the first direct measurement
(by magnetometer) of the FAC system associated with a
FTE in conjunction with the two-dimensional convection
field of the associated flow burst. Taking into account the
direction of motion of the flow burst, we show that the
distribution of these FACs agrees with the Southwood
[1987] model. Moreover, we verify that these FACs were
closed in the ionosphere by the Pedersen current flowing
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inside the flow burst. Finally, we estimate the power
dissipated by Joule heating in the ionosphere and compare
it with the power carried by the solar wind.
2. Instrumentation and Context
[7] The SuperDARN radars [Greenwald et al., 1995]
measure the line-of-sight (l-o-s) velocity of the ionospheric
plasma in 16 adjacent beam directions separated by 3.3 in
azimuth. A full scan, completed in 2 minutes, thus covers
53 in azimuth and over 3000 km in range with a
resolution of 45 km. On 12 September 1999, between
17:00 and 18:00 UT, the common field-of-view of the
Saskatoon and Kapuskasing radars was located in the
0900–1200 MLT sector. Both radars observed the eastern
edge of the dawn convection cell, and the ionospheric
footprint of the polar cusp with signatures characterised
by a series of convection flow bursts moving westward.
We will focus on one of these events observed between
17:22 and 17:32 UT.
[8] The Ørsted satellite, in a quasi-circular polar orbit at
about 800 km altitude, is dedicated to measurements of the
Earth’s magnetic field. Magnetic field perturbations due to
FACs are obtained by subtracting the IGRF model of the
Earth’s magnetic field. Assuming infinite current sheets, the
orientation of the sheet and the FAC intensity can be
deduced. Ørsted crossed the SuperDARN field-of-view
from south to north between 0900 and 1000 MLT (around
17:28 UT) when the convection burst was observed close to
the eastern edge of the dawn cell.
[9] The IMF and solar wind parameters were measured
by the ACE satellite. The Bz component remained stable
and negative at about 5 nT for one hour before the event,
taking into account the approximate delay of 45 minutes to
the dayside magnetopause. The By component, which was
small and fluctuated around 0 nT, became slightly positive
for the 10 minute period when the convection burst was
observed. The solar wind pressure was initially high and
stable at 5 nPa up to 17:15 UT but decreased to 3.5 nPa
between 17:15 and 17:30 UT during the event.
3. Observations
[10] Between 16:15 and 18:00 UT, the SuperDARN
radars observed the usual ionospheric signature of the polar
cusp, characterised by plasma entry into the polar cap in the
northwestward direction. This direction is consistent with
asymmetric convection cells, circular duskside and crescent-
shaped dawnside, for positive IMF By. The Kapuskasing
radar showed a series of convection bursts moving north-
westward and probably triggered by magnetopause recon-
nection. These flow bursts were elongated in azimuth. In
this study, we focus on the flow burst, starting at 17:22 UT
which remained in the field of view of the radar for about
20 minutes and was sampled by the Ørsted satellite around
17:28 UT. The plasma velocity inside the flow burst was
larger than 1000 m s1 and exceeded the convective
velocity in the surrounding plasma. The phase velocity of
the flow burst (deduced from the slope of the velocity
signature in the range-time plots from different radars
beams) was of the same order, around 900 m s1. Figure 1
shows a selection of radial convection maps in magnetic
latitude-magnetic local time (MLAT-MLT) coordinates for
the Kapuskasing radar between 17:24 and 17:30 UT.
Negative velocities (away from the radar) are colour-coded
from yellow to red. The maps show clearly that the burst
moved in the northwestward direction. An intensification of
the convection inside the flow burst (velocities colour-coded
in red) was observed after 17:26 UT. Velocity vectors
deduced from combined Saskatoon and Kapuskasing data
confirm the northwestward direction of the flow in the burst.
The westernmost beams of the Kapuskasing radar showed
southward and eastward velocities (positive velocities
toward the radar, colour-coded in blue) adjacent to the flow
burst. These velocities are attributed to sunward convection
in the dawnside crescent-shaped convection cell.
Figure 1. L-o-s velocity maps (magnetic coordinates) of
the Kapuskasing (K) radar for the period 17:24–17:30 UT.
Negative velocities represent motion away from the radar
(colour-coded from yellow to red). The Ørsted orbit is
superimposed on the 17:26 UT map (black dots are
separated by one minute).
Figure 2. (a) Eastward magnetic perturbations deduced
from the Ørsted data, with indication of the large-scale
parallel current. (b) Field-aligned current densities averaged
over 7 seconds (upward current is positive). The four small-
scale current sheets are labelled (1) to (4) from south to
north respectively. Dotted segments represent the l-o-s
velocity interpolated from the three scans closest to the time
of the Ørsted pass.
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[11] Figure 2 displays the eastward (perpendicular to the
magnetic meridian plane) component of the magnetic
field perturbation and the parallel current observed by
Ørsted. The eastward component showed large-scale
variations associated with the usual Region-1 downward
and Region-2 upward field-aligned current structure. The
Region-0 current was not observed probably because the
Ørsted trajectory is too far from noon, where this current is
usually observed, thus confirming that Ørsted crossed the
auroral oval on the dawnside of the polar cusp. Inside the
Region-1 current, two large-amplitude oscillations were
superimposed on the larger-scale variation of the eastward
component of the magnetic perturbation and were associ-
ated with four small-scale and intense field-aligned current
sheets, alternatively downward and upward. From south
to north, these current sheets are labelled (1) to (4).
Current (1) is downward with 45 km latitudinal extent
and 7 mA m2 intensity; current (2) is upward with
10 km extent and 7 mA m2 intensity; current (3) is
downward with 40 km extent and 4.5 mA m2 intensity
and current (4) is upward with 45 km extent and 4 mA m2
intensity. The orientation of the current sheets varies
between 10 and 30 from magnetic east, which is not far
from the convection direction.
[12] Figure 3 shows the Ørsted trajectory and the FACs
superimposed on the 17:26 UT Kapuskasing radial convec-
tion map. The length of the solid lines perpendicular to the
orbit is proportional to the current intensity with upward
(downward) currents plotted on the left- (right-) hand side
of the figure. By interpolation between the 3 successive
scans (17:24, 17:26 and 17:28 UT), closest to the time of the
satellite pass, the radial convection velocity at the time of
the Ørsted pass in each radar cell magnetically conjugate to
the satellite was determined. This velocity is plotted together
with the parallel current density on the bottom panel of
Figure 2. The radial velocities are essentially equal to the
convection velocity because the l-o-s directions were almost
along the convection contours. The region of large convec-
tion velocities representing the flow burst is associated with
the high-latitude pair of FACs labelled (3) and (4). The
position of the pair of FACs (3) and (4) on each side of the
flux tube agrees with the model of Southwood [1987].
Furthermore, the upward current on the northern side and
the downward current on the southern side are consistent
with the northwestward motion of the flow burst.
[13] The low-latitude pair of FACs labelled (1) and (2) is
located in the convection reversal (identified as the bound-
ary between red-yellow and blue velocities) and thus not
associated with the flow burst. The sign of FAC (1) agrees
with the model of the superposition of global convection
and large-scale FACs for positive By proposed by Cowley et
al. [1991] and experimentally verified by Lockwood et al.
[1993], Milan et al. [2000] and McWilliams et al. [2001].
However, the origin of FAC (2) remains unclear. Although a
definitive explanation cannot be given from the available
data set, several hypothesis can be put forward, including
the failure of the infinite current sheet hypothesis, a freshly
created FTE, or the effect of time variations of the large-
scale convection in response to the IMF change.
4. Discussion and Summary
[14] In order to check quantitatively the consistency
between the current pair and the motion of the flux tube,
we have compared the densities of the FACs and of the
ionospheric Pedersen current across the flux tube. We
assume, for simplicity, as in the Southwood model, uniform
ionospheric conductances, uniform plasma flow inside the
flux tube and a vertical magnetic field. The convection
velocity is mainly westward and the convection electric
field (and the Pedersen current) is mainly northward. Thus,
the excess Pedersen current across the tube diverges into
FACs flowing on the flanks of the flux tube. In this model,
the density of each FAC equals the Pedersen current flowing
across the flux tube. In the frame of the ambient plasma, the
Pedersen current density inside the flux tube is:
JP ¼ SP E ¼ SP V Biono:
Numerically, with Biono = 5  104 nT, with Pedersen
conductance SP = 6 S due to solar ionisation determined for
the solar zenith angle at the time of observation from the
empirical model of Senior [1991], and with V = 750 m s1
representing the excess plasma velocity inside the flux tube
with respect to the ambient plasma, the Pedersen current
density is JP = 0.225 A m
1. Because the flux tube is
elongated along magnetic iso-latitudes, the intensity of the
upward and downward currents feeding the Pedersen
current are obtained by integrating separately the density
of the parallel currents (3) and (4) along the magnetic
meridian. Both amount to 0.18 A m1. The above
evaluation shows that the density of each parallel current
is approximately equal to the density of the Pedersen
current, thus confirming that the system of FACs (3) and (4)
is closed by the additional Pedersen current across the
flux tube.
[15] From Figure 3, the transverse dimensions of the
reconnected flux tube in the ionosphere are l  L = 100 
1000 km. For the solar wind pressure PSW of 5 nPa
measured by ACE, the equilibrium total magnetic field at
the subsolar magnetopause is 112 nT. From the conservation
of magnetic flux between the magnetosphere and the
ionosphere, the surface of the flux tube at the magnetopause
Figure 3. L-o-s velocity map (magnetic coordinates) of
the Kapuskasing radar at 17:26 UT. The Ørsted orbit is
superimposed on the map with the FAC intensities plotted
perpendicular to the orbit. Labels (1) to (4) correspond to
the four small-scale current sheets.
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is 1 RE2, in good agreement with observations [Saunders et
al., 1984; Bosqued et al., 2001].
[16] It is also possible to estimate the power P dissipated






¼ 8:4 108W :
Assuming no dissipation by the parallel currents, the
Poynting flux at the magnetopause is 1.9  105 W m2,
which is less than 1% of the available solar wind kinetic
power PSWVSW = 2.5  103 W m2, for the solar wind
velocity VSW  500 km s1.
[17] In summary, we have reported the observation of two
small-scale intense FACs of opposite signs located on each
side of an ionospheric convection flow burst, typical of the
ionospheric signature of a FTE. The sign of these FACs
with respect to the direction of motion of the flow burst
agrees with the Southwood [1987] model. Moreover, the
current density of each FAC approximately equals the
Pedersen current density inside the flow burst, showing that
the two FACs and the Pedersen closure current belong to the
same circuit. These results are the first direct observations of
both the system of FACs associated with a FTE and the
accompanying ionospheric flow burst structure. The results
represent a clear experimental verification of the Southwood
[1987] model.
[18] Acknowledgments. The authors acknowledge the principal
investigator N. Ness and the ACE Science Center for providing the ACE
magnetic field data. The Ørsted satellite is operated by the Danish
Meteorological Institute (DMI). The Saskatoon and Kapuskasing Super-
DARN radars are supported by the Natural Sciences and Engineering
Council of Canada and by the Johns Hopkins University Applied Physics
Laboratory, USA, respectively.
References
Basinska, E. M., W. J. Burke, and M. A. Heinemann (1989), A user’s guide
to locating flux transfer events in low-altitude satellite measurements—
An S3-2 case study, J. Geophys. Res., 94, 6681–6691.
Berchem, J., and C. T. Russell (1984), Flux transfer events on the magne-
topause: Spatial distribution and controlling factors, J. Geophys. Res., 89,
6689–6703.
Bosqued, J. M., et al. (2001), CLUSTER observations of the high-latitude
magnetopause and cusp: Initial results from the CIS ion instruments, Ann.
Geophys., 19, 1545–1566.
Cowley, S. W. H., J. P. Morelli, and M. Lockwood (1991), Dependence of
convective flows and particle precipitation in the high-latitude dayside
ionosphere on the X and Y components of the interplanetary magnetic
field, J. Geophys. Res., 96, 5557–5564.
Dungey, J. W. (1961), Interplanetary magnetic field and the auroral zones,
Phys. Rev. Lett., 6, 47–48.
Escoubet, C. P., M. F. Smith, S. F. Fung, P. C. Anderson, R. A. Hoffman,
E. M. Basinska, and J.-M. Bosqued (1992), Staircase ion signature in the
polar cusp—A case study, Geophys. Res. Lett., 19, 1735–1738.
Farrugia, C. J., R. P. Rijnbeek, M. A. Saunders, D. J. Southwood, D. J.
Rodgers, M. F. Smith, C. P. Chaloner, D. S. Hall, P. J. Christiansen, and
L. J. C. Woolliscroft (1988), A multi-instrument study of flux transfer
event structure, J. Geophys. Res., 93, 14,465–14,477.
Goertz, C. K., E. Nielsen, A. Korth, K. H. Glassmeier, C. Haldoupis,
P. Hoeg, and D. Hayward (1985), Observations of a possible ground
signature of flux transfer events, J. Geophys. Res., 90, 4069–4078.
Greenwald, R. A., et al. (1995), Darn/SuperDARN: A global view of the
dynamics of high-latitude convection, Space Sci. Rev., 71, 761–796.
Haerendel, G., G. Paschmann, N. Sckopke, H. Rosenbauer, and P. C.
Hedgecock (1978), The frontside boundary layer of the magnetopause
and the problem of reconnection, J. Geophys. Res., 83, 3195–3216.
Lee, L. C. (1986), Magnetic flux transfer at the Earth’s magnetopause, in
Solar Wind-Magnetosphere Coupling, edited by Y. Kamide and J. A.
Slavin, pp. 297–314, Terra Sci., Tokyo.
Lockwood, M., and M. F. Smith (1992), The variation of reconnection rate
at the dayside magnetopause and cusp ion precipitation, J. Geophys. Res.,
97, 14,841–14,847.
Lockwood, M., H. C. Carlson Jr., and P. E. Sandholt (1993), Implications of
the altitude of transient 630-nm dayside auroral emissions, J. Geophys.
Res., 98, 15,571–15,587.
Lockwood, M., S. E. Milan, T. Onsager, C. H. Perry, J. A. Scudder, C. T.
Russell, and M. Brittnacher (2001), Cusp ion steps, field-aligned currents
and poleward auroral forms, J. Geophys. Res., 106, 29,555–29,569.
McWilliams, K. A., T. K. Yeoman, J. B. Sigwarth, L. A. Frank, and
M. Brittnacher (2001), The dayside ultraviolet aurora and convection
responses to a southward turning of the interplanetary magnetic field,
Ann. Geophys., 17, 707–721.
Milan, S. E., M. Lester, S. W. H. Cowley, and M. Brittnacher (2000),
Convection and auroral response to a southward turning of the IMF:
Polar UVI, CUTLASS, and IMAGE signatures of transient magnetic flux
transfer at the magnetopause, J. Geophys. Res., 105, 15,741–15,755.
Paschmann, G., G. Haerendel, I. Papamastorakis, N. Sckopke, S. J. Bame,
J. T. Gosling, and C. T. Russell (1982), Plasma and magnetic field char-
acteristics of magnetic flux transfer events, J. Geophys. Res., 87, 2159–
2168.
Pinnock, M., A. S. Rodger, J. R. Dudeney, R. A. Greenwald, K. B. Baker,
and J. M. Ruohoniemi (1991), An ionospheric signature of possible
enhanced magnetic field merging on the dayside magnetopause, J. Atmos.
Terr. Phys., 53, 201–212.
Pinnock, M., A. S. Rodger, J. R. Dudeney, K. B. Baker, P. T. Newell, R. A.
Greenwald, and M. E. Greenspan (1993), Observations of an enhanced
convection channel in the cusp ionosphere, J. Geophys. Res., 98, 3767–
3776.
Russell, C. T., and R. C. Elphic (1978), ISEE observations of flux transfer
events at the dayside magnetopause, Geophys. Res. Lett., 6, 33–36.
Sandholt, P. E., C. S. Deehr, A. Egeland, B. Lybekk, R. Viereck, and G. J.
Romick (1986), Signatures in the dayside aurora of plasma transfer from
the magnetosheath, J. Geophys. Res., 91, 10,063–10,079.
Sandholt, P. E., M. Lockwood, T. Oguti, S. W. H. Cowley, K. S. C. Freeman,
B. Lybekk, A. Egeland, and D. M. Willis (1990), Midday auroral breakup
events and related energy and momentum transfer from the magne-
tosheath, J. Geophys. Res., 95, 1039–1060.
Saunders, M. A., C. T. Russell, and N. Sckopke (1984), Flux transfer
events: Scale size and interior structure, Geophys. Res. Lett., 11, 131–
134.
Senior, C. (1991), Solar and particle contributions to auroral height-inte-
grated conductivities from EISCAT data: A statistical study, Ann. Geo-
phys., 9, 449–460.
Southwood, D. J. (1987), The ionospheric signature of flux transfer events,
J. Geophys. Res., 92, 3207–3213.

J.-C. Cerisier, Centre d’Etude des Environnements Terrestre et Plane´-
taires, 4 Avenue de Neptune, F-94107 Saint-Maur, France.
R. A. Greenwald, Applied Physics Laboratory, Johns Hopkins University,
11100 Johns Hopkins Road, Laurel, MD 20723-6099, USA.
A. Marchaudon, Mullard Space Science Laboratory, University College
London, Dorking RH5 6NT, UK. (am@mssl.ucl.ac.uk)
G. J. Sofko, Canada Institute of Space and Atmospheric Studies,
University of Saskatchewan, 116 Science Place, Saskatoon, Saskatchewan,
Canada S7N 5E2.
L09809 MARCHAUDON ET AL.: ELECTRODYNAMICS OF A FLUX TRANSFER EVENT L09809
4 of 4
